In this paper, life cycle cost analysis of a self sustained hybrid photovoltaic/thermal (PV/T) greenhouse dryer has been carried out. The hybrid PV/T integrated greenhouse (roof type even span) dryer, designed and constructed at Solar Energy Park, Indian Institute of Technology, New Delhi (28 0 35 N, 77 0 12 E, 216 m above MSL), India, has been used to dry Thompson seedless grapes under forced mode of operation. The annualized cost method has been used to determine the pay back period of the hybrid PV/T greenhouse dryer. The payback period is about 1.24 to 4.63 years which is lower than the expected life of the dryer i.e. about 30 years. The effect of various parameters such as interest rate, present worth, annual cash flow etc. has also been worked out.
INTRODUCTION
In recent years, there is a global concern for the food and energy security of growing world population. For food security, either the crop production should increase or post harvest losses should reduce or both. The conventional energy sources e.g. coal, wood, oil, gas etc. should be conserved for energy security i.e. we must explore the renewable energy sources. If solar energy, one of the renewable energy sources, is effectively used for drying of crops, it will help in both food as well as energy security. This is so because, crop drying is one of the effective means for reduction in the post harvest losses by removing the excess moisture from it and thus to achieve longer safe storage period and better product quality. One of the most promising alternatives to conserve the limiting conventional energy resources is the photovoltaic (PV) applications. Depending on the mode of application, the PV applications of solar energy can provide electricity, thermal energy, daylighting etc. The forced convection crop drying is one of the areas for PV applications.
For any technology/system/enterprise, it is necessary to work out its economic viability so that the users of the technology may know the importance and can utilize the area under their command to their best advantage. Controlled environment solar drying of crops can be the most profitable in comparison with open sun drying due to better product quality and quantity and hence the attractive return.
The controlled environment solar drying is a capitalintensive technology both in terms of initial investment as well as operating cost in comparison to the traditional open sun drying. Thus, it becomes necessary that the agriculture produce from the dryer is able to not only offset the higher *Address correspondence to this author at the Centre for Energy Studies, Indian Institute of Technology Delhi, New Delhi, 110 016, India; Tel: +91 11 2659 1258; Fax: +91 11 2658 1121/2686 2037; E-mail: gntiwari@ces.iitd.ernet.in cost of dried product but also register adequate profits. This consideration alone should be the criteria for selection of suitable crops for controlled environment solar drying at any given geographical location. The temperature in a drying chamber should be maintained to an optimum level for a given crop for higher yield either by passive or active methods.
The life cycle cost analysis of solar dryer depends on various factors such as initial investment for construction, initial cost of additional heating (if any), operating cost, annual maintenance cost, finally annual cost of crops to be dried and life of solar dryer and its salvage value etc.
The techno-economic analysis of typical solar dryers with different kinds of energy sources has been reported [1] . The plastic and conventional solar collectors, having 560 m 2 gross collector areas, to deliver useful energy of 203 MWh/yr have been analyzed and found that the plastic solar collectors of life 5-10 years are the cheapest among all the energy systems [1] .
The economic analysis of some solar dryers has been studied by methods of annual cost, annual cost per unit mass of the product and annual cost per unit useful energy [2] . The pay back period of a solar tunnel drier is 4 years for basic mode drier and 3 to 4 years for optimum mode driers [3] . On the basis of a sensitivity analysis, they showed that the design geometry was not very sensitive to minor material costs, fixed cost and operating cost. It is sensitive to costs of major construction materials of the collector, solar radiation and air velocity in the drier [3] . For a solar grain dryer incorporating photovoltaic powered air circulation, the optimum PV area to air-heater area ratio is 0.22 for a payback period of 0.5 year which is less than a year, if used to dry surplus grain for selling at the markets [4] . The potential for solar drying of selected cash crops namely tobacco, tea, coffee, grapes raisin, small cardamom, chilli, coriander seeds, ginger, turmeric, black pepper, and onion flakes etc. for Indian condi-tions has been estimated along with CO 2 emissions mitigation [5] .
A hybrid photovoltaic-thermal (PV/T) integrated greenhouse (roof type even span) dryer has been developed with the aim of crop drying using solar energy for areas, where grid electricity is not readily available such as in remote locations/areas in developing countries. This paper presents the life cycle cost analysis of the above mentioned dryer in terms of payback period, operating cost and effect of various parameters such as interest rate, present worth, annual cash flow etc. on the payback period.
DESCRIPTION OF HYBRID PHOTOVOLTAIC-THERMAL (PV/T) GREENHOUSE DRYER
A hybrid photovoltaic-thermal (PV/T) integrated greenhouse (roof type even span) dryer was developed at IIT Delhi [6] [7] . The dryer has been constructed using aluminium sections (e.g. L angles, Tee-sections, flats etc.), two PV modules (glass to glass), a DC (direct current) fan and UV stabilized polyethylene sheet covering etc ( 10 m is provided with wire mesh to provide air inlet for the greenhouse dryer. The air at bottom becomes hot and thus moves from bottom to top through a three-tier system of perforated wire mesh trays. The produce is kept on the perforated wire mesh trays. The UV stabilized polyethylene sheet has been fitted over the structural frame of the dryer with the help of steel screws with washer, rivets, nut and bolt with washer etc.
The orientation of the greenhouse dryer was east-west during the experiments, conducted for with load (drying of Thompson seedless grapes, Mutant: Sonaka) under forced mode operation in the month of April, 2007. The grapes were purchased from local market and sorted to discard the spoiled grape berries for avoiding infection to the intact grapes. To remove the undesired materials e.g. dust and foreign materials, these grapes were washed with fresh ground water and the surface water was removed by using cotton cloths and then it was placed in trays inside the greenhouse dryer for drying.
THEORETICAL CONSIDERATIONS (LIFE CYCLE COST ANALYSIS) Net Present Value (P NPV )
Let P i is initial investment (Rs.), R m is operational and maintenance expenses including repair of the fan per year (Rs.), and R p is UV plastic replacement cost in every five year (Rs.), n is life of the dryer, S is salvage value of the dryer at the end of the life (Rs.) and CF is net cash flow at the end of each year. Then, the cash-flow diagram for the dryer is given as below:
If 'i' is annual rate of interest (in fraction), then the net present value, P NPV (in Rs.) can be expressed as [8] : Fig. (1) . Photograph of hybrid photovoltaic/thermal greenhouse dryer [6, 7] . 
For life of the system to be 30 years, the equation (1) becomes:
Payback Period (n p )
Payback period is the time (generally in years) required to recover the investment costs. Let us assume that net cash flow (CF) is same for each year, then net present value (P NPV ) can be expressed as [9]:
Annualized uniform cost, Unacost (R) is defined as the product of net present value of the system and capital recovery factor (CRF) and can be written as [8] :
The Capital recovery factor (CRF) can be expressed as:
If M p is the dried product output per year (in kg), then cost of drying (C g ) can be evaluated as: 
COMPUTATION PROCEDURE, RESULTS AND DIS-CUSSIONS
It has been experimentally found that the average available energy from PV modules was 84 W; the electrical load for forced mode operation (one DC fan) was 7-8 W and surplus energy available may be either utilized for other purposes or for larger size greenhouse dryers [6] . Thus the cost break-up for four cases ((a), (b), (c) and (d)) of the hybrid photovoltaic-thermal (PV/T) greenhouse dryer has been given in Table 1 by reducing the size of the PV module.
The initial investments (P i ) for the four cases ((a), (b), (c) and (d)) of the dryer are Rs. 55,100, Rs. 38,750, Rs. 31,400 and Rs. 27,400 respectively ( Table 1) . Equations (2) and (4) has been used to compute the net present value (P NPV ) and Unacost (R) respectively for different interest rates (4%, 8%, 12% and 16%) considering the life of dryer as 30 years and results are given in Table 2 .
The suitable annual interest rate may be from 4 to 16% and the reasons for this are [9]; i).
4% is the subsidized rate normally offered by government sectors to promote the use of renewable energy.
ii). 7 to 7.5% is the interest rate normally offered by government banks.
iii). 10 to 12% is the rate offered by private banking sectors.
iv). 12 to 16% from any other private source.
Though the dryer is of 100 kg capacity for grape drying, 4.59 kg Thompson seedless grapes (Mutants-Sonaka) were placed in six trays inside greenhouse dryer for experimental purpose due to difficulty in handling of 100 kg grapes during experimentation. The drying time was 15 clear sunny days (17 days including both clear and bad weather days) of 7 hours (9:00 to 16:00 hrs) by using Hybrid PV/T integrated greenhouse dryer. Thus it requires 15 clear sunny days to dry the Thompson seedless grapes (Mutants-Sonaka) by greenhouse drying and the dried output was 28%. If the capacity of the dryer has to be taken as 100 kg, then 28 kg dried output (raisin) was obtained in fifteen days from drying of the grapes. The costs of raw produce (grape) and dried product (raisin) are Rs.25 per kg and Rs.150 per kg respectively, then the cash flow is Rs. (28 150 -100 25) i.e. Rs. 1700 per batch of fifteen days.
Equations (3) and (6) have been used to determine the payback period (n p ) and cost of drying respectively for different numbers of clear days e.g. 300, 270, 240, 210 and 180 days and the results are given in Tables 3-6. The results for payback periods with various variable parameters such as annual cash flow, annual interest rate and initial investment have also been shown in Figs. (2-4) .
From Table 3 , it can be seen that the payback period increases with a decrease in the cash flow (annual income). This may happen due to reduction in number of clear days or poor quality of drying of grapes. The same results have also been shown in Fig. (2) . It is further noted that the effect of interest rate is significant on payback period at low annual cash flow. This effect is insignificant at higher annual cash flow as shown in Fig. (2) .
The effect of annual interest rate on the payback period for four cases under study (Tables 3-6 ) has been shown in Fig. (3) . This figure shows that payback period reduces significantly from case (a) to case (b) while in the (c) and (d) cases, this reduction are marginal. Further, annual interest rate has marginal effect on payback period for all the cases.
The effect of initial investment on payback period for different rate of interest has been shown in Fig. (4) . It is noted that for initial investment less or equal to the case (b), the results of payback period is opposite to the initial investment more or equal to case (b). Fig. (4) suggests that for the present capacity of the dryer, the case (d) is the lowest initial investment with payback period of about 1.25 years.
The cost of drying of the grapes is lowest for initial investment for case (d) (P i =Rs. 27,400) i.e. Rs. 4.52 per kg ( Table 6 ). This is the expected results due to lowest invest- Fig. (3) . Effect of annual interest rate on payback period for the hybrid PV/T greenhouse dryer. Fig. (4) . Variation of payback period with initial investment of the dryer with different annual interest rate. ment at lowest interest rate (4%). The cost of drying is maximum for maximum investment case (a) at maximum rate of interest (16%) i.e. Rs. 30.54 per kg ( Table 3) .
CONCLUSIONS
From the present study, the following conclusions can be drawn:
1.
The initial investment for case (d) (Rs. 27,400) gives the lowest payback period of about 1.25 years and 2.
The cost of drying of the grapes is the lowest for initial investment for case (d) (Rs. 27,400) i.e. Rs. 4.52 per kg.
